
Acoustic  studies  of  the  large scale ocean circulat ion 

Detailed knowledge of ocean c i rcu la t ion  and i ts  transport   properties is  
prerequisite  to  an  understanding  of  the  earth‘s  climate and of important 
biological  and  chemical  cycles.  Results from two recent  experiments, 
THETIS-2 i n   t h e  Western Mediterranean  and ATOC in   t he  North Pacif ic ,  
i l l u s t r a t e   t h e   u s e  of ocean acoustic tomography f o r  s tudies  of the  large 
sca le   c i rcu la t ion .  The a t t r ac t ion  of acoustic tomography is i t s  a b i l i t y  
t o  sample  and  average the  large-scale  oceanic  thermal  structure, 
synoptically,  along  several  sections, and a t   regular   in te rva ls .   In   bo th  
s tudies ,   the   acoust ic   data   are  compared to ,  and then combined with, 
general   c i rculat ion models,  meteorological  analyses,  satellite 
a l t imetry,  and d i r ec t  measurements  from ships.  Both studies  provide 
complete  regional  descriptions of the  time-evolving,  three-dimensional, 
large  scale   c i rculat ion,   a lbei t   wi th   large  uncertaint ies .  The s tudies  
ra ise   ser ious  issues   about   exis t ing ocean  observing  capability and 
provide  guidelines  for  future e f f o r t s .  
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Estimation problem 

GCM errors, . .._- 

Measurements: 

Y d a d t )  = H(t) x,,,(t) + r(t)  
Residuals: 

Covariance  matrices: 

Cost function: 
J = pT(0)P"p(O) + C [r*(t)R"r(t) -k g T (t)$-'g(t)] 
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The ocean stores and  transports vast quantities of heat,  fresh 
water, carbon and  other materials, and  its  circulation plays 
an  important role in determining  both  the Earth's climate and 
fundamental processes in  the biosphere. Understanding the 
development of climate and  important biological cycles therefore 
requires detailed knowledge of ocean circulation and its transport 
properties. This  cannot be achieved solely through modelling, but 
must involve accurate  observations of the spatio-temporal evolu- 
tion of the global oceanic flow  field. Estimates of oceanic flow are 
currently made on  the basis of space-borne measurements of the 
sea surface, and  monitoring  of  the ocean interior.  Satellite  alti- 
metry  and acoustic tomography are complementary for this 
purpose', as the former provides detailed horizontal coverage of 
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the surface, and the latter the requisite vertical sampling of  the 
interior. High-quality acoustic-tomopaphi2  and altimetric' data 
are now available to test the combined power of these technologies 
for estimating oceanic flows. Here we demonstrate  that, with the 
aid of state-of-the-art numerical models, it is possible to recover 
from these data  a  detailed  spatio-temporal  record of flow over 
basin-scale volumes of fluid. Our present  results are restricted to 
the Mediterranean Sea, but  the method described here provides a 
powerful tool for studying oceanic circulation worldwide. 

The ocean fluctuates on a wide  range of spatial and temporal 
scales". The  measured potential-energy spectrum of the circulation 
is mostly  'red', that is, the energy density increases  with  increasing 
spatial and temporal scales, but with a marked peak at the annual 
cycle.  However, the kinetic-energy spectrum is dominated by 
mesoscale  eddies  with horizontal scales  of 100 km or so, and periods 
of  weeks to months. Therefore, studies of the large-scale movement 
of the sea  need to resolve the mesoscale eddies and  other narrow 
features of the circulation such as boundary-layer jets which are 
responsible  for a large fraction of the heat and property transport. 
To  resolve these features, the ocean  would  have to be instrumented 
roughly  every 50 km horizontally and at some 20 levels  vertically. 
The requirements for global coverage  at this resolution are prohi- 
bitive. 

Here we  focus on the use  of tomographic and altimetric observa- 
tion systems  which, in combination with more traditional ocean 
sampling methods, go far towards solving the global  observation 
problem. Satellite altimetry measures the sea surface  elevation 
relative to the geoid, that is,  relative to the particular gravitational 
equipotential to which the sea  surface  would conform if it were at 
rest  with  no  forces acting on it (other than gravity). Changes in 
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25 Figure 1 Top panel, the  integration domain  and the 40-m horizontal  veloclry on 1 

March.  1994  from the  Marshall et a/." general  clrculatlon  model (GCM). Bottom 
panel,  the  estimation  domaln  and (contours) the sea level In September 1994 

20 mlnus the sea level In March  1994. as measured by the T0PEX:POSEIDON 
altlmeter.  Dotted lines are altlmeter  tracks  and SGlld lines are tomographlc 
sections jolnlng  an acoustlc source H. and acoustlc receivers w1. W3. '&5 

15 deployed  during  the THETIS-2 experlment.  Mapplng of the  altlmeter data IS 

from a multiresolution optmal interpolation algorithm-'. Estimates  have  uncer- 
tainties  varying  from "2.3 cm near the altimeter ground  tracks  to a maximum oi 
~4 .5cm between  tracks. T h e  mean sea surface helght Increase IS lndicarive of 
seasonal warming. but cannot be used to measure absolute heatlng because 3; 

mass fluxes In and out of  the  basm  (flows  through  the  Straits Of SiCllY and 
Gibraltar“. evaporatlon mlnus preclpltarlon,  and  rlverrunoff).  Relative changes. for 
example.  the  band of higher elevation centred  at400 N. contain  contrlbutlons  from 
changes In wind forcing  and from dlfferentlal  heating  and COOllng Of  the  water 
column.  The GCM and  the  acoustlc-tomography  data are used to separate the 
respectlve contrlbutms to sea-level  anomaly of wind and  heat  Content. 
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